Breast cancer remains a major health concern as it continues to be both the leading cause of cancer-related deaths and most commonly diagnosed form of cancer among women. Recently, RNAi (RNA interference)-based gene therapy has gained attention for its sequence-specific mechanism of gene silencing. RNAi may be induced with the use of short interfering RNAs (siRNAs), which are generated from double-stranded RNA (dsRNA) precursors. Although siRNA has its limitations, siRNA shows enormous potential as a promising tool for the regulation of disease-associated genes, including oncogenes and tumor suppressor genes. In this review, we will discuss the approaches, implications, and challenges of siRNA-mediated RNAi gene therapy regarding various targets of breast cancer.
Introduction
Breast cancer continues to be a public health dilemma. Worldwide, breast cancer is cited as the most commonly diagnosed form of cancer and the leading cause of cancer-related death among women. High-income countries, including countries in North America, Australia, and Western and Northern Europe, continue to exhibit the highest breast cancer incidence rates; this disparity among other regions of the world reflects differences in the availability of treatments and the various trends in risk factors. [1] Major factors associated with an increased risk of breast cancer development include individual lifestyle, family history of breast cancer, and genetic predisposition. [2, 3] Regarding individual lifestyle, several studies have yielded consistent results suggesting that obesity, smoking, and alcohol consumption have a positive correlation with an increased risk of developing breast cancer. [2] Women with a family history of breast cancer appear to have an increased risk of developing the disease; in a study, compared to women with no affected relatives, women with one, two, or three or more first degree relatives affected with breast cancer had risk ratios of, respectively, 1.80, 2.93, and 3.90, suggesting a positive correlation with breast cancer development. [4] Although approximately 20% to 25% of breast cancer patients show a family history of breast cancer, only 5% to 10% of breast cancer cases exhibit an autosomal dominant inheritance, with high-risk predisposition alleles conferring as high as an 85% lifetime risk of developing breast cancer. [3] Recent advancements in gene therapy have highlighted small interfering RNA (siRNA) as a promising tool for application in breast cancer therapy. siRNAs are double-stranded RNAs that participate in RNA interference (RNAi), which is a posttranscriptional mode of gene regulation. [9] siRNAs act to regulate endogenous genes and to protect the genome against foreign or invasive nucleic acids in both the somatic cells and germ cells of many
Ivyspring
International Publisher eukaryotic species. Specifically, siRNAs are incorporated into the RNAi-induced silencing complex (RISC); the siRNA component of RISC recognizes its target mRNA by Watson-Crick base pairing, and this complex mediates the sequence-specific binding and cleavage of mRNA. [5, 6] Within mammalian cells, siRNAs are produced from the cleavage of double-stranded RNA precursors by the RNase III endonuclease Dicer, but siRNAs may also be synthesized by chemical or biochemical methods and delivered to cells [7, 8] . Mouse cells carrying a null allele of Dicer have been observed assembling siRNA into functional RISCs, indicating that Dicer is neither involved in nor required for the assembly of functional RISCs in mammals. [10] Figure 1: The typical pathway of siRNA. siRNA is generated from dsRNA precursors, which are cleaved by Dicer to form siRNAs. The resultant siRNAs are then incorporated into RISCs, which cleave the target mRNA and effectively silence the expression of a particular gene. (Adapted from [58] )
Although the application of siRNAs in breast cancer therapy is very promising, certain limitations must be considered before its use in biomedical applications. One of the major limitations to siRNA delivery is siRNA degradation; siRNAs are readily degraded by the abundant RNAses in both the intracellular and extracellular space, and naked siRNA in serum has been demonstrated to have a half-life of between a few minutes to an hour. [5] Additionally, compared to DNA-based RNAi drugs, directly using synthetic siRNA effectors may result in a potent but short-lived silencing of a gene, which calls for the use of more resources for more frequent treatments. [8] Structure and Function of siRNA siRNA molecules are small, double-stranded RNA (dsRNA) molecules that are roughly 19 to 30 nucleotides long. [9] Each siRNA strand possesses characteristic 5'-phosphate and 3' hydroxyl termini, as well as 2 to 3 nucleotide-long 3' overhangs. [11] In mammalian cells, longer dsRNA precursors, originating from either the environment or synthesized within the cell itself, are cleaved by the RNaseIII endonuclease Dicer to produce siRNAs, which then associate with nucleases and other proteins to form RISCs, as depicted in Figure 1 . [5, 6, 24] Additionally, for each siRNA duplex, one of the two strands, the guide strand, is incorporated into the active RISC, while the other strand, the passenger strand, is cleaved by Argonaute2 (Ago2) and hence discarded. [12] Argonaute family proteins are an essential component of RISCs-in fact, Argonaute family proteins are ubiquitous among all RNAi-related pathways, and they are directly responsible for the slicer activity of the RISC. [13] The siRNA portion of the RISC recognizes its target miRNA sequence by Watson-Crick base pairing; that is, the RISC targets mRNAs that possess regions complementary to the guide strand sequence of siRNA that has been incorporated into the RISC. [6, 18] Following this, Argonaute proteins carry out the slicer activity of the RISC, cleaving the target mRNA, and the now-fragmented mRNA is then targeted by cellular exonucleases and finally degraded, inhibiting the translation of the target gene. [13, 16] The newly generated 3' ends of the mRNA fragments also serve as a substrate for polyuridylation, which promotes exonucleolytic targeting. [17] siRNA silencing is also readily reprogrammable and functions in the adaptive immune response; when encountering new threats from novel invaders, the genome is able to take advantage of the situation by co-opting the foreign sequences into the siRNA mechanism, ceasing the expression of invasive genes. [6] Several other forms of RNA used in RNAi exist, including short hairpin RNA (shRNA) and Piwi-interacting RNA (piRNA), but siRNA is most often used for RNAi in therapeutic applications. [5] The expression of shRNA, however, may be used to introduce siRNA into cells. shRNA can be introduced into a cell by plasmid vectors and transcribed under control of RNA polymerase-II or RNA polymerase-III promoters. The transcribed shRNA folds into a structure similar to that of a siRNA duplex, and Dicer processes the transcribed shRNAs into siRNAs. [27] Advantages of RNAi-Based Gene Therapy
Because of its ability to carry out sequence-specific gene silencing, RNAi is a highly attractive approach to gene therapy. Theoretically, a single mRNA sequence would be sufficient enough to develop antisense drugs, and oncogenes and tumor suppressor genes, along with any other disease-associated genes, would be made vulnerable to RNAi-mediated silencing. [24] RNAi is also especially potent compared to other antisense agents, such as ribozymes and DNA oligonucleotides, meaning that lower concentrations of RNAi effector molecules may function at either the same efficiency or even more efficiently than DNA oligonucleotides or ribozymes. [14] Challenges of Using siRNA Although siRNA possesses great potential as a promising tool for target-specific gene silencing, certain limitations arise due to its various properties. Unmodified (naked) siRNAs are extremely unstable intravascularly; because of this, unmodified siRNAs are often susceptible to serum RNase A-type nucleases and quick renal clearance and consequently have a short half-life of approximately a few minutes to an hour. [5, 20] However, chemical modifications may be used to increase the stability of siRNAs in serum. Modification of the backbone or of the sugars on siRNA using 2'-O-methyl and 2'-deoxy-2'-fluoro RNA has been shown to increase siRNA resistance to nucleases, while modification using phosphorothioate linkages has been shown to improve siRNA half-life. [5, 15] Another solution is the use of lipid-based nanocarriers as a safe and efficient method of delivery to target cells, since lipid-based nanocarriers are poorly permeable but easily degradable within the target cell. [26] Additionally, unmodified siRNAs present potential toxicities, with one being off-target effects. Genome-wide monitoring of gene expression using microarrays has demonstrated that cells treated with siRNA exhibit off-target silencing of a sizable number of genes; analysis further indicated that an 11-nucleotide match between the off-target and siRNA was sufficient enough to result in gene knockdown. [21] Later work suggests that of the experimentally verified off-targets, a majority have a 6-7 nucleotide match to the seed region of the siRNA. [22, 23] This silencing of off-targets is undesirable, given the unpredictable consequences of altering gene activity. Due to the fact that siRNAs may act as micro RNAs (miRNAs) and silence multiple off-target genes simply by partial sequence complementarity, siRNAs must be meticulously designed and examined. [41] Another mechanism by which unmodified siRNAs pose as toxicities is the stimulation of the innate immune response. Long dsRNA has been known to rapidly induce interferon responses by binding to dsRNA-activated protein kinase, 2',5'-oligoadenylate synthetase-RNase L system, or Toll-like receptors (TLRs), which are all mechanisms that serve in combating viral pathogens and other invaders. [24] A 2005 study demonstrated that certain siRNA sequence motifs induced TLR7-dependent stimulation of the immune response. [25] The use of longer siRNAs (>27 nucleotides long) must therefore be carefully balanced in consideration of the increased risk of immune stimulation.
Furthermore, siRNAs may compete with endogenous RNAs for miRNA processing pathways, leading to the saturation of miRNA pathways and ending in toxicity. [9] This has been observed in a study in which mice were given high doses of adeno-associated virus (AAV)-shRNA to the liver; the oversaturation of the RNA pathway resulted in fatality. [43] Yet another challenge posed by siRNA is the safe and efficient delivery of siRNA to the desired organ and subsequently into target cells. Unless siRNAs are administered in large volumes, which cannot be performed on humans, siRNAs will be unable to penetrate tissue. [41] To resolve this issue, several approaches to delivering siRNAs into cells have been developed, including but not limited to lipid vesicles, viral vectors, and plasmids. [26, 27, 41] Approaches to siRNA Delivery
The delivery of siRNAs to the appropriate cells is of utmost concern. Many publications have demonstrated that the systemic delivery of siRNAs to tissues successfully results in the knockdown of target mRNAs; this can be accomplished by the intravenous injection of siRNAs that have been packaged into liposomes or conjugated to a cholesterol group. [19] Liposomes, depicted in Figure 2 , are the most commonly used carriers for delivery of various RNAi agents in vivo, as they can be easily prepared from biocompatible lipid or phospholipid ingredients and easily modified for specific purposes, such as the encapsulation of hydrophilic drug molecules.
Cationic liposomes are especially convenient; the electrostatic interactions between the positively charged lipids and the negatively charged RNA molecules they encapsulate notably improve the efficiency of RNA encapsulation. [26] siRNAs encapsulated into cationic liposomes are taken up by the target cell through endocytosis; a further step to ensure that the desired cells are targeted is to incorporate ligands that bind to cell surface receptors on the targeted tissue into the cationic coat of the liposome. [41] Viral vectors have also been designed to express siRNA within target cells. The advantage of using viral vectors is that siRNA can be introduced into non-dividing cells, such as neurons, but as with most viral approaches, the disadvantage of using viral vectors is the hassle of having to perform frequent, repeated administrations and the limited control over the types of cells that are transduced. [41] Using this approach, chemically synthesized siRNA may be encapsulated into vesicles derived from reconstituted viral envelopes. This reconstituted membrane vesicle would have to contain a protein from the original membrane of the virus that could facilitate binding to or fusion with the target cell membrane in order for the vesicle to be taken up by receptor-mediated endocytosis. [44] Plasmid vectors carrying genes for the expression of either siRNA or shRNA may provide another alternative to introducing siRNA into a cell. Instead of encapsulating siRNA molecules themselves into a carrier, siRNA expression plasmids may be packaged and delivered to generate siRNAs within the cell. These siRNA plasmid vectors may be developed to generate highly efficient siRNAs that reliably assemble into RISCs and silence the target mRNA. [43] Plasmid vectors carrying DNA inserts for shRNA expression may be used to generate siRNA in a cell, as well; transcribed shRNA folds into a structure similar to a siRNA duplex, which can be processed by Dicer into units of siRNA. [27] By encapsulating these plasmids into viruses, the siRNA delivery process can be made highly efficient; the binding of the virus to the target cell surface, transduction, stability of the carrier, and protection against nucleases all appear to proceed smoothly and satisfactorily. [44] Cationic cell penetrating peptides (CPPs) are also another option and have been developed to facilitate the intracellular delivery of molecules such as plasmid DNA, oligonucleotides, and siRNA into cells. The main advantage of using CPPs is that the chemical modification of siRNA is not required, allowing for the activity of the siRNA to be preserved and for the siRNA purification process to be more streamlined. [9] CPPs are comprised of short arginine strands and/or lysine-rich peptides. Because of their cationic nature, CPPs are able to efficiently accumulate within cells. However, since this approach to siRNA delivery requires the direct complexation of a CPP with the anionic phosphate backbone of siRNA, this efficiency is reduced. [46] Still, CPP-mediated siRNA delivery systems are able to enter cells either by endocytosis or by directly crossing the membrane. [9] 
Therapeutic Applications of siRNA-Mediated RNAi on Breast Cancers
Given that siRNA has the ability to carry out sequence-specific gene silencing, recent interest has grown around applying siRNA-mediated RNAi gene therapy to breast cancer. Many genes associated with the development of breast cancer, including BRCA1, BRCA2, HER2, and p53, could serve as potential targets for this treatment. [27, 33, 49] 
BRCA1 and BRCA2
The breast cancer susceptibility gene 1 (BRCA1) and breast cancer susceptibility gene 2 (BRCA2) are both associated with breast cancer, as well as ovarian cancer. [27] Mutations on the BRCA1 gene enhance the risk of breast cancer development by approximately 59% to 87%, whereas mutations on the BRCA2 gene enhance the risk of breast cancer development by approximately 38% to 80%. [29] Furthermore, the BRCA1 and BRCA2 genes both show an autosomal dominant manner of inheritance. An individual possessing a BRCA1 or BRCA2 germline pathogenic variant has a 50% chance of passing the mutated allele to his or her offspring. Not all individuals who possess a pathogenic variant of BRCA1 or BRCA2 have a parent affected by cancer, however; the variable age of cancer development, prophylactic surgery, and other factors play a role in this. [27] BRCA1 and BRCA2 are tumor suppressor genes that play roles in pathways critical for controlling DNA damage, including double-strand break repair and transcription regulation. [28] BRCA1 is located at chromosome 17q21 and codes for a 1,863 amino-acid-long protein that functions in both checkpoint activation and gene regulation processes in response to DNA damage. [29, 47] The protein encoded by BRCA1 possesses two BRCA1 C-terminal (BRCT) domains at the C terminus and a RING (Really Interesting New Gene) finger domain at the N terminus, as shown in Figure 3 . [30] The BRCT domain facilitates phospho-protein binding, whereas the RING domain has E3 ubiquitin ligase activity, which catalyzes protein ubiquitination. Mutations within the RING domain and the BRCT domain have both been observed in numerous inherited cancer-associated alleles of BRC1, indicating that both domains play a role in the suppression of breast cancer. [47] On the other hand, BRCA2 is located at chromosome 13q12.3, and the protein encoded by BRCA2 consists of 3,418 amino acids. [29] BRCA2 is primarily involved in the recruitment of the recombinase RAD51 to repair double-strand breaks. The protein encoded by BRCA2 possesses eight BRC repeats that bind RAD51 and a DNA-binding domain that binds both double-stranded DNA and single-stranded DNA. [47] This domain is comprised of five components: three oligonucleotide-binding folds (OB1, OB2, OB3), a 190 amino-acid-long α-helical domain, and a tower domain that protrudes from OB2. [48] Individuals with hereditary breast cancer or ovarian cancer exhibit point mutations within BRC repeats that compromise the interactions pertaining to RAD51. [47] Although the use of siRNA alone may not serve as an effective treatment for BRCA1-positive breast cancers or BRCA2-positive breast cancers, siRNA-mediated silencing alongside other treatments can increase the potency of those other treatments. In a 2014 study, the expression of BRCA1 in HeLa cells was suppressed using siRNA-mediated knockdown. These BRCA1-suppressed cells became more sensitized to the proteasome inhibitors bortezomib and carfilzomib and ultimately initiated apoptosis, due to the fact that proteasome inhibitors prevent the degradation of pro-apoptotic factors. [30, 45] siRNA could thus be applied to cells to increase the potency of proteasome inhibitors as well as other possible treatment agents. In a 2008 study, HeLa cells transfected with BRCA2-siRNA exhibited significantly lower levels of survival when exposed to radiation compared to HeLa cells transfected with negative-control siRNA or mock-siRNA; this opens up the possibility of using siRNA as a radiosensitizer in tumor radiotherapy. [40] 
HER2
The human epidermal growth factor receptor 2 (HER2) gene, also known as HER2/neu, ERBB2, or CD340, is associated with poor breast cancer prognosis; the HER2 gene is amplified and the HER2 protein overexpressed in approximately 20% of all breast cancer cases. [31, 33] As suggested by experimental evidence, the amplification of HER2 appears to lead to malignant transformation. [36] Breast cancer cells may possess from 25-50 copies of the HER2 gene and consequently a 40-100 times increase in the expression of HER2, ultimately culminating in up to 2 million HER2 proteins being expressed at the cell surface at a time. Unique characteristics of HER2 amplified breast cancers include resistance to hormonal agents, increased sensitivity to cytotoxic chemotherapeutic agents, and an increased tendency to metastasize to the brain. [35] Figure 4 depicts HER2 expression in a normal cell compared to the expression of HER2 in an overexpressing cell.
HER2 is located to chromosome 17, and HER2-positive breast cancers may possess either multiple copies of the HER2 gene with a normal chromosome 17 count or multiple copies of chromosome 17 with varying numbers of the HER2 gene on each chromosome. [39] HER2 encodes a receptor tyrosine kinase that initiates signal transduction pathways driving cell survival and proliferation in approximately 85% of breast cancers. [34] Similar to other HER family proteins, HER2 comprises an extracellular ligand binding domain, a transmembrane domain, and an intracellular tyrosine kinase domain. [35] However, because HER2 has no known ligand, it relies on either heterodimerization with another member of the HER family of proteins or homodimerization with another HER2 protein to be activated. [34] When overexpressed, HER2 tends to form heterodimers with other HER family proteins, resulting in powerful downstream signaling. [33] Structural alterations in the HER2 protein have been associated with resistance to trastuzumab, a HER2-targeted therapy. [33] A significant portion of patients have acquired resistance to HER2-targeted therapies, including trastuzumab and pertuzumab, leading to a combination of multiple drugs to be used in clinical treatments for HER2 amplified breast cancers. This, unfortunately, places a significant burden on patients. [31] siRNA may be able to overcome this barrier; a study in 2004 demonstrated that the siRNA-mediated silencing of the HER2 gene induces apoptosis in breast cancer cells overexpressing HER2, inhibiting the proliferation of these breast cancer cells. [36] However, another challenge that remains is that safe and effective methods of delivering siRNA in vivo have yet to be approved. Viral-based siRNA and shRNA strategies have been found effective, but significant issues concerning insertional mutagenesis and immunogenic response remain. [31] Non-viral-based modes of siRNA delivery have been developed and appear to be more viable; a publication from 2011, for instance, demonstrated that the use of a poly (β-L-malic acid) (PMLA)-based nanobiopolymer conjugated with trastuzumab and HER2 antisense inhibited the growth of HER2-positive human breast tumors in xenogeneic mouse models. [37] Another publication from 2012 also demonstrated that the delivery of Polo-like kinase 1 (PLK1)-siRNA using fusion proteins of single-chain fragmented antibodies (ScFvs) suppressed HER2-positive breast cancer growth and metastasis. [38] The only concern, however, is that these studies used BT474 derived tumors, which are vulnerable to trastuzumab, so other complications regarding efficacy may arise with the application of the aforementioned treatments in trastuzumab-resistant cancer cells.
p53
The tumor protein p53 (p53) gene, also known as TP53, is a tumor suppressor gene commonly associated with breast cancer, as well as a myriad of other cancers. The mutational inactivation of p53 occurs in approximately 50% of human cancers, making it one of the most common and well-known cancer-associated genes. [49] The p53 protein is heavily involved in the stress response of human cells; p53 responds to a myriad of stress signals, including signals originating from DNA damage, the deregulated expression of oncogenes, telomere erosion, and metabolic deprivation. [50] Although the p53 gene is normally highly regulated, its activation can be triggered by posttranslational modifications to the p53 protein, such as ubiquination, phosphorylation, acetylation, and methylation. [49] Depending on the type of stress signals being received, activated p53 may respond by inducing apoptosis, senescence, cell-cycle arrest, DNA repair, or autophagy-all of these being anticancer mechanisms. [49, 51] The p53 monomer possesses two DNA binding domains; one is responsible for binding to sequence-specific DNA response elements that are located near the promoters of the target genes of p53, while the other binding domain, localized to the C-terminus, allows for p53 to non-specifically bind to DNA. [53] Under unstressed, normal conditions, p53 is practically undetectable due to its extremely short half-life. This instability of p53 can be attributed to MDM2, an E3 ubiquitin ligase, which acts as the negative regulator of p53 and targets p53 for proteasome-mediated degradation. [49] MDMX also serves as a negative regulator of p53, working to block the transcriptional activity of p53. However, because p53 also stimulates the expression of MDM2 and MDMX, the three genes are in a constant feedback loop, regulating the expression of one another. [52] Another source of instability stems from the properties of the p53 protein itself-the melting temperature of p53 is only slightly above body temperature. [49] Most tumor suppressors require the loss of function in both alleles in order for tumorigenesis to occur, but mutation in only one allele of p53 results in the loss of its function and the development of tumors. [53] Recently, siRNA-mediated RNAi has been studied as a treatment against mutant p53 in triple-negative breast cancer cells, which are resistant to conventional cancer therapy. A study conducted in 2015 revealed that therapy involving the use of p53-siRNA and epigallocatechingallate (EGCG), the most abundant compound found in green tea, successfully silenced the mutant p53 gene and resulted in the activation of pro-apoptotic genes, as well as the inhibition of pro-survival genes, cell network formation, and autophagy. [54] A study conducted in 2016 also showed that apoptosis is induced following the knockdown of mutant p53 and tumor necrosis factor (TNF) using siRNA. [55] These findings strongly suggest that siRNA could be an extremely effective agent for the treatment of both aggressive breast cancer phenotypes such as triple-negative breast cancer and milder phenotypes of breast cancer.
Conclusion
Breast cancer continues to plague victims worldwide, but siRNA-mediated RNAi provides hope as a future potential treatment. The potential targets of breast cancer to which siRNA-mediated RNAi may be applicable are not limited to BRCA1, BRCA2, HER2, and p53; theoretically, siRNA could be synthesized to target any specific gene, opening up a plethora of opportunities.
siRNA thus holds incredibly promising potential as a form of gene therapy for not only breast cancer but possibly other cancers and diseases as well. Although its limitations may pose challenges, current efforts to modify siRNA and develop more safe and efficient modes of its delivery to target cells seem to be advancing RNAi technology in the right direction.
